Tentorial herniation is caused by a pressure gradient between supra and infratentorial compartments and the herniated brain is burdened with a force, which is called shear strain at the edge of the tentorium. The purpose of the present study is to clarify the relationships between increased intracranial pressure, the pressure gradient and the tentorial shear strain. Twenty-three monkeys were used and intracranial pressure was raised by inflation of an epidural balloon placed in the right temporal region. The supratentorial pressure was found to be always higher than the infratentorial pressure and the pressure gradient became greater as intracranial pressure increased.
Introduction
The living brain is a kind of viscoelastic substance with a compressible compartment. The purpose of the present investigation was to study the dynamical relationship between intracranial pressure and the transtentorial herniation in the course of increased intracranial pressure, and to correlate the tentorial shear strain with the pressure gradient. Particular attention has been given to the living dynamics of tentorial herniation.
Material and Methods
Twenty-three monkeys weighing 4.1-8.7 kg were used in the experiment. The animals were anesthetized with intravenous sodium pen tobarbital (Nembutal®), 20-25 mg/kg. Trache otomy and intubation were performed. The animals were fixed in the prone position in a modified stereotaxic frame to enable roentogen examination. Body temperature was main tained by heating lamps. All the procedures were performed under spontaneous respira tion. Arterial blood gas was checked by a gas analyzer (ABL I Radiometer Copen hagen). Right tempor-occipital craniotomy was performed. A small balloon was placed epidurally in the temporal region to increase intracranial pressure. A small sensor was fixed to the tentorial edge in order to measure the shear strain and a tiny lead piece was attached next to the sensor for monitoring the descent of the tentorial edge on radiograms. This procedure was performed under an operative microscope (Fig. 1) . Lateral ventricular fluid pressure (VFP) and cisterna magna pressure (CMP) were also measured using a semicon ductor film strain transducer (SFT). 18,19,20) Fig. 1 metaacrylate. The balloon was continuously inflated at the rate of 1.1-4.4 ml/hr with radio contrast material using a pump. The sensor (KFC-C11 strain gauge Kyowa Dengyo Co., Ltd., Tokyo)for measurement of tentorial shear strain was bonded on the surface of a stainless steel foil, 50 y in thickness (Fig. 1) . The line arity of the shear strain sensor was checked by means of a load transducer (20T-10B Kyowa Dengyo Co., Ltd., Tokyo). As a standard, a load transducer was used and the correlation was plotted on an X-Y recorder (3078 Yoko gawa Electric Industrial Co., Ltd., Tokyo) (Fig.  2 ). The supratentorial brain was gently removed at the end of each experiment and calibration of the sensor was made with the sensor left intact at the edge of the tentorium (Fig. 3 ). The tip of the load transducer was gently applied to the sensing area of the sensor. The output voltage of the sensor was plotted on the X axis, and that of the load transducer on the Y axis, and the correlation was drawn on an X-Y recorder (Fig. 3) . The tentorial shear strain was calibrated by a comparison method. The sensing area of the sensor was measured with the use of the universal tool microscopic measuring equipment (Type TMU Tokyo Kogaku Co., Ltd., Tokyo). Arterial blood pressure was measured by a polyethylene catheter inserted into the abdominal aorta via the left femoral artery. Respiration was moni tored by a thermister. Systemic blood pressure, intracranial pressure, respiration and shear strain were continuously recorded on a poly graph(RM-85 Nihon Kohden Kogyo Co., Ltd., Tokyo). intracranial pressure at extreme levels due to blockage at the tip of the cannulae or cere brospinal fluid leakage. In a later series of this investigation, intracranial pressure was measured as epidural intracranial pressure (EDP) by means of the SFT transducer. The correlation between EDP and VFP was satisfactory, and each value did not fall far from the line of identity as intracranial pressure was raised (Fig. 4) .
The correlation between supratentorial and infratentorial pressures The correlation curves between mean supra and infratentorial EDP was always higher than the identity line during expansion of supra tentorial epidural balloon (Fig. 5) . The pressure gradient was found to be larger as supra tentorial EDP was progressively increased. Tentorial shear strain and pressure gradient Tentorial shear strain was measured in gm/sq mm. This gm/sq mm unit was converted into mm and Hg. The correlation between tentorial shear strain and pressure gradient is shown in Fig. 6 . The correlation between the shear strain and pressure gradient was quite variable. Tentorial shear strain was already found even when the pressure gradient was still small. The shear strain showed a slow but steady increase from the start of balloon expansion. The intracranial pressure was only slightly increased in the initial stage of balloon in flation, and the pressure gradient could not be taken into account. The tentorial shear strain, however, increased significantly even in the initial stage of increased intracranial pressure. It was further noted that while the pressure gradient across the tentorium increased up to 10 mmHg, tentorial shear strain progressively increased. The time factor in inflation of the balloon was not of importance in the develop ment of shear strain (Fig. 6) .
Descent of the tentorial edge and supratentorial EDP At frequent intervals during the expansion of the balloon, descent of the tentorial edge was observed by radiography. The degree of descent of the tentorial edge was quite variable depending upon the animals used. The edge of tentorium descended more rapidly in the initial stage than in the later stage of increasing intracranial pressure (Fig. 7) and it continued to descend until the supratentorial pressure reached about 50 to 70 mmHg.
Descent of the tentorial edge and shear strain
The correlation between the descent of the tentorial edge and shear strain is illustrated in Fig. 8 . The edge of the tentorium descended with the pressure gradient until the tentorial shear strain reached approximately 80-140 mmHg. Shear strain continued to increase even after descent of the tentorial edge had ceased.
The shear strain and supra and infratentorial pressures The corresponding values of the infratentorial pressure and shear strain were compared with increasing supratentorial pressure (Fig. 9) . hydrostatic pressure, but that of stress-strain. The change of architectural arrangement of the brain tissue is significant rather as shear strain than local tissue pressure. During a later period of expansion of the supratentorial balloon, the herniated hippocampal gyrus forces its way into the space between the distorted brain stem and the strained edge of the tentorium and shear strain increased progressively. The present dynamical study shows clearly that the mag nitude of shear strain as a forced pressure was greater than supra and infratentorial pressure. The descent of the tentorial edge with an increase in the pressure gradient began in the initial stage of increasing intracranial pressure. It is assumed that the pressure gradient would be made smaller by the descent of the tentorial edge, and that the gradient progressively increased after the descent of the tentorial edge ceased. The edge of the tentorium may be elastic, until its descent has ceased. It becomes plastic like a strained string when the descent of the tentorial edge reaches its maximum. As soon as it becomes plastic, the edge of the tentorium may cause damage to the surround ing brain tissue and vessels. This is attributed to the change in physical characteristics from elastic to plastic. The dynamics of herniation should be considered as a stress-strain relation according to the elasticity in the brain substance at the edge of the tentorium.
The term "tentorial shear strain" is not, in a strict sense, a true shear strain. It actually means a force of strain at the edge of the tentorium only. Not withstanding a risk of oversimplification, the term "tentorial shear strain" is here used to describe a force of the hippocampal herniation through the tentorial edge.
